Abstract: A microfluidic cell stretch device was developed to investigate the effects of stretching stress on pulmonary artery smooth muscle cell (PASMC) proliferation in pulmonary arterial hypertension (PAH). The microfluidic device harbors upper cell culture and lower control channels, separated by a stretchable poly(dimethylsiloxane) membrane that acts as a cell culture substrate. The lower channel inlet was connected to a vacuum pump via a digital switch-controlled solenoid valve. For cyclic stretch at heartbeat frequency (80 bpm), the open or close time for each valve was set to 0.38 s. Proliferation of normal PASMCs and those obtained from patients was enhanced by the circumferential stretching stimulation. This is the first report showing patient cells increased in number by stretching stress. These results are consistent with the abnormal proliferation observed in PAH. Circumferential stretch stress was applied to the cells without increasing the pressure inside the microchannel. Our data may suggest that the stretch stress itself promotes cell proliferation in PAH.
Introduction
Pulmonary arterial hypertension (PAH) is a rare disease characterized by increased pulmonary artery pressure, leading to right heart failure and death [1] . Although the blood vessel closure in PAH is caused by the abnormal proliferation of pulmonary artery smooth muscle cells (PASMCs), endothelial cells (ECs), and fibroblasts, its mechanism is unknown. There is an urgent need to develop novel in vitro models to elucidate this mechanism, because current animal models may not fully represent current clinical observations [2] . We previously reported the first successful isolation of PASMCs from patients, and characterized the cells by immunostaining and quantitative reverse-transcriptase polymerase chain reaction (RT-PCR) techniques [3] [4] [5] . However, these cell-based experiments were performed under static culture conditions. Construction of a cell culture microenvironment that mimics the disease, using mechanical stress from fluid flow and stretching, is required to clarify the mechanism.
Recently, microfluidic cell culture platforms mimicking vascular flow or vascular constriction have been developed [6] [7] [8] [9] [10] [11] [12] [13] . A microdevice with a stretchable poly(dimethylsiloxane) (PDMS) membrane as a cell culture substrate, to which cyclic stimulation of circumferential strain was added, has been developed for vascular research [14] . Using this device, human mesenchymal stem cells (MSCs) were cultured with continuous cyclic stretch over a period of 7 days, and localization and alignment of the MSCs by the mechanical stretch were observed. Microfluidic flow-stretch devices integrating two Inventions 2019, 4, 1 2 of 11 major mechanical stimulations in the cardiovascular systems, i.e., fluid shear stress and circumferential wall stress (cyclic stretch), have also been reported [15] [16] [17] . These microfluidic models mimicked the hemodynamic microenvironment of blood vessels. Imposing a fluid shear stress only, a cyclic stretch only, or both stimulations on rat mesenchymal stem cells or human umbilical vein endothelial cells, it was found that the alignment of the cellular stress fibers varied with the cell and simulation type [15] . Huang et al. [16] reported a microdevice-based tumor extravasation research model with stretch and fluid stimulations. They evaluated the effects of cyclic stretch or fluid shear stress on tumor cell adhesion to an EC monolayer. Van Engeland et al. [17] reported the effects of cyclic stretch or fluid shear stress on both aortic ECs and human aortic vascular smooth muscle cells in a microdevice. Moreover, a compact microfluidic platform for an automated, multimodal assessment of intact small blood vessels has been reported [18] . Mouse olfactory artery segments were reversibly loaded onto the microfluidic device and kept under physiological (i.e., close to in vivo) environmental conditions. This transparent microfluidic device allowed for quantitative calcium fluorescence imaging of intact blood vessels. It is difficult to realize in vivo imaging in a deep part of a living body. Therefore, intact vessels in microfluidics will become an effective experimental tool.
We have reported on microfluidic culture and analysis of PASMCs for the study of pulmonary hypertension [19] . We found that shear stress caused a 7.5-fold increase in the transcription levels of a cell cycle-related molecule, Cyclin D1. We also reported that Japanese PAH patients with high pulse rates had a poor prognosis [20] . We propose that cyclic stretch may increase the severity of the disease. Here, we aimed to develop a cell stretching microdevice to investigate the relationship between blood vessel expansion/contraction and the proliferation of PASMCs in PAH. Generally, cyclic stretch increases the proliferation rate of vascular smooth muscle cells under in vitro conditions. Sheep and rat vascular smooth muscle cells that had been exposed to 20% cyclic stretch demonstrated increased expression of positive regulators of proliferation, such as hypoxia-inducible factor-1α, vascular endothelial growth factor, and transforming growth factor-β1 [21, 22] .
In this study, PASMCs were cultured in the device with cyclic stretch at the same rate as the patient's heartbeat, and cell proliferation and the transcription levels of molecules related to cell proliferation were analyzed. In the body, circumferential wall stress increases by increasing internal pressure. It is necessary to evaluate the effects of arterial pressure and cell stretch separately, to understand the relative contribution of each to the disease. To investigate whether circumferential stretch stress itself promotes cell proliferation, circumferential stretch stress was applied to cells without increasing the internal microchannel pressure in these experiments. While there are many reports investigating the effects of stretch on the same plane, there are few reports on the effects of circumferential stretch. To mimic the artery, it is important to use a device which can expose cells to cyclic circumferential stretch.
Materials and Methods

Fabrication of a Cell Stretch Device
A PDMS membrane was fabricated by spin coating of a PDMS prepolymer on a Polymethyl methacrylate (PMMA) substrate (Figure 1a ). PDMS prepolymer (SILPOT184W/C; Dow Corning Toray, Tokyo, Japan) was mixed with its curing agent at a mass ratio of 10:1, 15:1, or 20:1. The PDMS mixture (600 µL) was degassed and spin-coated on a PMMA sheet (76 mm × 52 mm) at 500 rpm for 20 s, followed by 2400 rpm for 600 s. The PDMS membrane was then baked at 65 • C for 1 h.
Microchannels were fabricated by molding as described previously [23, 24] . The degassed PDMS mixture was poured to a thickness of 4 mm (upper sheet) or 1 mm (lower sheet), with upper (0.5 × 1 × 10 mm) or lower (0.5 × 2 × 15 mm) channel structures, respectively, and baked at 65 • C for 1 h. The PDMS replica was adhered to a glass slide (26 × 76 mm) and baked at 100 • C for 1 h. Through-holes were made at both ends of the upper microchannel with a 1.0 mm biopsy punch.
PDMS replica was adhered to a glass slide (26 × 76 mm) and baked at 100 °C for 1 h. Through-holes were made at both ends of the upper microchannel with a 1.0 mm biopsy punch. The fabricated PDMS membrane and sheets were laminated as shown in Figure 1b . The bonding surfaces of the PDMS membrane on the PMMA substrate and the upper PDMS sheet were exposed to oxygen plasma at 100 W for 35 s. Then, the PDMS sheet was bonded to the PDMS membrane and baked at 65 °C for 1 h. Next, the PDMS sheet with the PDMS membrane was removed slowly from the PMMA sheet, and a hole to connect with the lower channel was punched from the membrane side with a 1.0 mm biopsy punch. The bottom surface of the lower PDMS sheet was bonded to a glass cover slip, and the other surface was bonded to the PDMS membrane with the upper PDMS sheet after plasma treatment and baked at 100 °C for 1 h. Each hole was connected to a polytetrafluoroethylene (PTFE) tube (0.46 mm id, 0.92 mm od, 10 mm long; Nichias, Tokyo, Japan). The PTFE tube was glued to the upper sheet with the PDMS mixture and baked at 100 °C for 1 h. The other end of the PTFE tube was connected to a TYGON tube (0.79 mm id, 2.38 mm od, and 10 mm The fabricated PDMS membrane and sheets were laminated as shown in Figure 1b . The bonding surfaces of the PDMS membrane on the PMMA substrate and the upper PDMS sheet were exposed to oxygen plasma at 100 W for 35 s. Then, the PDMS sheet was bonded to the PDMS membrane and baked at 65 • C for 1 h. Next, the PDMS sheet with the PDMS membrane was removed slowly from the PMMA sheet, and a hole to connect with the lower channel was punched from the membrane side with a 1.0 mm biopsy punch. The bottom surface of the lower PDMS sheet was bonded to a glass cover slip, and the other surface was bonded to the PDMS membrane with the upper PDMS sheet after plasma treatment and baked at 100 • C for 1 h. Each hole was connected to a polytetrafluoroethylene (PTFE) tube (0.46 mm id, 0.92 mm od, 10 mm long; Nichias, Tokyo, Japan). The PTFE tube was glued to the upper sheet with the PDMS mixture and baked at 100 • C for 1 h. The other end of the PTFE tube was connected to a TYGON tube (0.79 mm id, 2.38 mm od, and 10 mm (outlet) or 12 mm (inlet) long; Saint-Gobain K.K., Tokyo, Japan). To confirm whether bonding of the PDMS membrane was completed, the device was sliced with a cutter knife and the section observed with a measuring microscope (STM-6, Olympus, Tokyo, Japan) with a 20× objective lens.
An illustration of a microfluidic cell stretch system is shown in Figure 2a . The free end of the lower channel inlet TYGON tube was connected to a solenoid valve (V100 series, SMC, Tokyo, Japan) via another TYGON tube (2.0 mm id, 4.0 mm od). The solenoid valve was connected to a vacuum pump (EAP-01, As one, Osaka, Japan) with a TYGON tube (2.0 mm id, 4.0 mm od), a different diameter connector, and a vinylic polymer tube (5.0 mm id, 8.0 mm od, As one). The solenoid valve was controlled with a NI9477 digital switch and LabView software (National Instruments; Austin, TX, USA). For cyclic stretch at heartbeat frequency (80 bpm), each valve open or close time was 0.38 s.
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Analysis of Stretching Properties of the PDMS Membrane
To confirm cyclic stretch at the heartbeat rate, the liquid flow profile at the upper cell culture channel outlet was measured with a SLG1430-025 liquid flow meter and its data analysis tool, Flow Viewer ASF 1430/ASL1430 (Sensirion, Stäfa, Switzerland). The TYGON tube at the outlet of the upper channel was connected to the liquid flow meter via the PTFE tube (0.46 mm id, 0.92 mm od).
Next, fluorescent microscopic measurement was performed to estimate the travel distance of the PDMS membrane. Fluorescent microbeads (Fluoresbrite Plain YG 10.0 Microspheres, PolyScience, Warrington, PA, USA) were introduced into the upper microchannel. A fluorescent microscope, IX83 (Olympus), with a dichroic mirror block, U-MNIBA3 (excitation 470-495 nm, emission 510-550 nm), was focused on the fluorescent microbeads adsorbed on a surface of the PDMS membrane. Membrane Z-axis positions were measured before and after vacuum application in the lower channel. The distance between the two positions was calculated as a PDMS membrane travel distance.
3D reconstruction images based on confocal microscopic measurements were also obtained. Sodium fluorescein (10 μM; Wako Pure Chemical, Osaka, Japan) was introduced into the upper microchannel. Z-stack images were obtained with a confocal microscope, FV-1200 (Olympus), and a 473 nm laser before and after the vacuum. The bottom length of the upper channel was measured 
3D reconstruction images based on confocal microscopic measurements were also obtained. Sodium fluorescein (10 µM; Wako Pure Chemical, Osaka, Japan) was introduced into the upper microchannel. Z-stack images were obtained with a confocal microscope, FV-1200 (Olympus), and a 473 nm laser before and after the vacuum. The bottom length of the upper channel was measured from the 3D reconstruction image. The ratio of the length after the vacuum to that before the vacuum was calculated as an PDMS membrane extension ratio.
Microfluidic Cell Culture
Normal human PASMCs (single donor, passage 3-10) were purchased from Lonza (Basel, Switzerland), and patient PASMCs (passage 10) were isolated from a patient with idiopathic PAH after obtaining informed consent. These experiments were approved by the ethics committee (National Hospital Organization Okayama Medical Center). Cells were grown with Dulbecco's Modified Eagle's Medium (low glucose; Wako Pure Chemical), supplemented with 10% fetal bovine serum (Corning, Corning City, NY, USA) and 1% Antibiotic-Antimycotic (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) in a 25 cm 2 CellBIND surface cell culture flask (Corning) until they were approximately 80% confluent. A 1.5 × 10 6 cells/mL cell suspension was prepared for microfluidic culture.
The upper microchannel was coated by incubation with 0.1 mg/mL fibronectin (Wako Pure Chemical) at 4 • C for 16 h, followed by 1 h at 37 • C. After washing with fresh medium, 30 µL of the cell suspension was introduced into the microchannel. The device was wrapped with a wet, lint-free wiper (BEMCOT M-1, Asahi Kasei, Tokyo, Japan) to prevent desiccation, and incubated under static conditions for 24 h in a 5% CO 2 incubator at 37 • C. After the incubation, the cells were cultured under cyclic stretch or static conditions. Medium exchange was performed every 24 h.
Cell Staining
Cells were stained to visualize f-actin and nucleus. Cells were washed with 100 µL phosphate buffered saline with Calcium and Magnesium (PBS(+)), fixed with 50 µL paraformaldehyde (4%) for 20 min at 23 • C, and rinsed three times with 100 µL PBS(+) for 2 min each. Next, the cells were treated with 50 µL rhodamine phalloidin (330 nM in PBS(+) with 0.1% Triton X-100; Thermo Fisher Scientific) for 30 min at 23 • C. The cells were then rinsed three times with 100 µL PBS(+) for 2 min each, and treated with 50 µL Hoechst 33342 (10 µg/mL in PBS(+); Thermo Fisher Scientific). The cells were then rinsed with 100 µL PBS(+) three times for 2 min each.
Fluorescence images were obtained using a microscope (IX71 or IX83, Olympus) equipped with a 100 W high-pressure mercury lamp and a cooled CCD camera, ORCA-R2 (Hamamatsu Photonics, Hamamatsu, Japan). For the observation of rhodamine phalloidin, a dichroic mirror block U-MWIG3 (excitation 530-550 nm, emission >575 nm) was used. Hoecht33342-stained nuclei were visualized using a dichroic mirror block U-MNUA2 (excitation at 360-370 nm, emission at 420-460 nm).
RNA Extraction, cDNA Synthesis, and Real-Time PCR
RNA was extracted from cells collected from the microchannel. Cells cultured in the microchannel were washed three times with 30 µL PBS(−). Next, 50 µL TrypLE Express (Thermo Fisher Scientific) was added to the microchannel and incubated for 5 min at 37 • C in a CO 2 incubator. Once all of the cells detached, 100 µL of serum containing medium was forcefully added from the inlet of the upper channel with a pipette to push the cells out. The cell suspension was collected from the outlet of the upper channel in a 1.5 mL microtube.
RNA extraction and cDNA synthesis were performed using an RNA extraction kit, SuperPrep Cell Lysis & RT Kit for qPCR (Toyobo, Osaka, Japan) for normal cells, or ReliaPrep RNA Miniprep System (Promega, WI, USA) and ReverTra Ace α (Toyobo) for patient PASMCs using standard protocols. Normal cells (1.0 × 10 4 cells) collected from two microchannels were used for a single reaction, and patient cells (1.0 × 10 4 cells) collected from four microchannels were used for a single reaction.
Real-time PCR was performed under standard protocols, using the THUNDERBIRD SYBR qPCR Mix (Toyobo) and the following primers: HPRT1 forward, TTTGCTTTCCTTGGTCAGGC; HPRT1 reverse, GCTTGCGACCTTGACCATCT; CyclinD1 forward, CTGGAGGTCTGCGAGGAACA; Cyclin D1 reverse, TGCAGGCGGCTCTTTTTC; VEGF-A (vascular endothelial growth factor A) forward, AGACGGACAGAAAGACAG; VEGF-A reverse, AAGCAGGTGAGAGTAAGC; p21 forward, GCGGCAGACCAGCATGA; p21 reverse, GGATTAGGGCTTCCTCTTGGAG. The reaction mixture (5 µL) containing forward and reverse primers (final concentration of 300 nM each) and the SYBR Master was mixed with 5 µL cDNA. The PCR conditions were as follows: 95 • C for 10 min, followed by 40 cycles of 95 • C for 15 s and 60 • C for 1 min.
Results and Discussion
Microdevice
The PDMS membrane was fabricated by spin coating using a 76 mm × 52 mm PMMA substrate (Figure 1a) . The PDMS membrane was easily peeled from the PMMA substrate, and membrane manufacturing yield was as high as 94%. The PDMS sheets and the membrane were laminated (Figure 1b) , and a photograph of the obtained microdevice is shown in Figure 1c . Because the surface of the PMMA substrate was flat enough to make a smooth PDMS membrane, a clear phase contrast image of normal cells was obtained (Figure 1d ).
Stretching Properties of the PDMS Membrane
The device setup and the principle of PDMS membrane stretching are shown in Figure 2a To analyze the movement of the membrane, fluorescent microbeads adsorbed on the PDMS membrane surface were monitored with a fluorescent microscope. The distance between two positions, i.e., before and after the vacuum, was 500 µm, which was the same as the depth of the lower channel. The membrane moved with the vacuum, switching at 80 beats/min, and the Z axis position of the membrane returned to the initial position every time, i.e., the membrane retained sufficient elasticity. To optimize the PDMS membrane properties, the PDMS prepolymer mixing ratio and curing agent were investigated. Those with mixing ratios of 10:1, 15:1, and 20:1 showed similar properties in motion. Therefore, the PDMS mixture of 10:1 was used for the membrane and is the same concentration as the bulk of the PDMS device.
A cross-section of the PDMS membrane between the upper and lower channels is shown (Figure 2c ). Each channel depth was approximately 500 µm. A cross-sectional fluorescent image shows the upper channel, containing a fluorescein solution in green, and the membrane just below the upper channel (Figure 2d ). When the lower control channel was vacuumed, the fluorescein solution moved downward and the membrane drew an arc, shown as a red dashed line (Figure 2d ). The length of the red line was measured and the extension ratio was calculated, showing that the PDMS membrane extended approximately 30%.
Stretch Culture
Fluorescent cell images before and after the stretch culture, and the analysis results, are shown in Figure 3 . The timeline of the cell stretch experiments is shown in Figure 3a . Cellular alignment and its orientation were quantitatively analyzed from photographs of the cells, as shown in Figure 3b . The cell alignment angle was defined as the angle between the long axis of a nucleus, considered as elliptical, and the long axis of the microchannel direction. One hundred nuclei were analyzed. Alignment angles were then categorized in 10 • increments.
Photographs of f-actin-stained normal cells are shown Figure 3c . Cells cultured under static conditions were arranged in a random orientation, while the long axes of cells cultured under stretching conditions were aligned perpendicular to the stretch vector. The cell shape was more enlarged after 48 h stretch than 24 h stretch. These results are consistent with those of a previous report on cyclic stretch-induced cell alignment [25] . Histograms of cellular alignment angles after 24 h stretch are shown in Figure 3d . All normal cells (n = 100) were aligned within 10 degrees of the channel axis.
Photographs of f-actin-stained patient cells are shown in Figure 3e . Patient cells proliferated faster than normal cells, and reached in an overconfluent state after 24 h cyclic stretch culture, so we stopped culturing at that time. The long axes of patient cells cultured under stretch conditions were aligned perpendicular to the stretch vector. Histograms of cellular alignment angles after 24 h stretch are shown in Figure 3f . Unlike normal cells, patient cells aligned within 10 degrees of the channel axis were approximately 40%. The response of the patient cells to stretching stress was different from that of normal cells. In both stretch and static cases, the cell density of patient cells was higher than that of normal cells. It has been established that in vivo, SMCs align parallel to stretch along the circumferential direction of vessels, and this parallel alignment has been replicated in vitro in 3D cultures [26] . In our case, patient cells grew to a high density and partially piled up on the monolayer, thereby forming the 3D structure. This might help recreate a closer in vivo cell environment for cell alignment to be parallel to stretch.
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Cell Proliferation
Cell densities of normal and patient cells are shown Figure 4a . Both cell types showed different proliferation rates under static conditions. Both cells were seeded at the same cell density, but after 24 h culture (0 h in Figure 4a ) the patient cell density was 5.3 × 10 4 cells/cm 2 , which was 1.9-fold greater than that of normal cells. These results indicate that, compared to normal cells, proliferation might be enhanced in the patient cells, and that this cell proliferation in microchannels was similar to that in conventional dishes, as suggested in our previous reports [27, 28] . Cell densities of normal and patient cells are shown Figure 4a . Both cell types showed different proliferation rates under static conditions. Both cells were seeded at the same cell density, but after 24 h culture (0 h in Figure 4a ) the patient cell density was 5.3 × 10 4 cells/cm 2 , which was 1.9-fold greater than that of normal cells. These results indicate that, compared to normal cells, proliferation might be enhanced in the patient cells, and that this cell proliferation in microchannels was similar to that in conventional dishes, as suggested in our previous reports [27, 28] . Under static conditions, normal cells maintained density at 3.0 × 10 4 cells/cm 2 . However, they propagated to 4.8 × 10 4 cells/cm 2 after the 48 h stretch culture. The patient cells also increased to 7.6 × 10 4 cells/cm 2 under the stretching conditions. Therefore, the stretching stimulation might enhance cell proliferation. Mechanical stretch may change the conformation of cell membrane molecules resulting from the interaction between extracellular matrix proteins and their integrin receptors; it might activate intracellular signaling pathways. To our knowledge, this is the first report showing that patient cells increase by stretching stress. These results are consistent with the abnormal proliferation observed in PAH. In this experiment, stretching stress was applied to the cells without increasing pressure inside the microchannel. A previous report applied both high pressure and stretch stress to the cells [14] . Our data suggest that stretch stress in and of itself promotes cell proliferation in PAH.
Transcription Analysis
Cyclin D1 and VEGF-A transcription levels in cells cultured in the microfluidic device for 24 or 48 h under stretching conditions were analyzed. Cyclin D1 is a protein involved in the regulation of cell cycle progression [29] , and VEGF-A is a member of the PDGF/VEGF growth factor family [30] . VEGF-A is an endothelial-specific growth factor and it plays an important role in formation of blood vessels, so we analyzed VEGF-A expression together with Cyclin D1. In normal cells cultured for 24 h under the stretching conditions, Cyclin D1/HPRT1 and VEGF-A/HPRT1 ratios showed a significant increase compared with those of the static-cultured cells (Figure 4b,c) . Stretch stress promoted the transcription of Cyclin D1 and VEGF-A in normal cells, suggesting that cell proliferation was promoted in these cells.
However, the difference between VEGF-A transcription levels in normal cells cultured under static and stretching conditions was reduced after 48 h culture (Figure 4c ). Quinn et al. showed that VEGF-A transcription levels in ovine pulmonary artery vascular smooth muscle cells peaked at 24 h under cyclic stretch conditions, and declined toward control levels at 48 h [31] . Our results agreed with this report.
Moreover, Cyclin D1 transcription levels under the stretching conditions were lower than those under static conditions ( Figure 4b ). As shown in Figure 3 , the short axes of the cells were elongated by stretch at this time, so the cell extension was small, and the cells were minimally affected by the stretching stress. Therefore, VEGF-A and Cyclin D1 transcription levels might not be increased. In contrast, normal cells cultured under static conditions were in growth at that time, because their growth was slow. Therefore, the transcription level of Cyclin D1 at 48 h was higher in these cells than it was at 24 h.
On the other hand, patient cells after 24 h of culture under static and stretching conditions expressed Cyclin D1 at similar levels, and VEGF-A transcription levels under the stretching conditions were slightly lower than those under static conditions (Figure 4c ). We assume that patient cell proliferation was faster than that of normal cells, and that there was little difference in transcript levels of Cyclin D1 and VEGF-A among samples with or without stretching stress. However, transcription levels of p21, a key cell cycle regulator that arrests cells in the G1 and G2 phases [32] , under the stretching conditions was lower than that under static conditions (Figure 4d ). These results were concordant with cell proliferation results (Figure 4a ).
Conclusions
A microfluidic cell stretch device was developed to investigate the effects of stretching stress on PASMCs in PAH. In the device, a cell culture PDMS substrate was extended by 30% at the patient heartbeat frequency. While there are many reports investigating the effects of stretch on the same plane, there are few reports on the effects of circumferential stretch. To mimic the artery, it is important to use a device which can expose cells to cyclic circumferential stretch. The proliferation of normal and patient cells was enhanced by the circumferential stretching stimulation. This is the first report showing behavior of patient cells under stretching conditions. These results are consistent with the observed abnormal proliferation in PAH. Using this device, circumferential stretch stress was applied to cells without increasing internal microchannel pressure. Our data suggests that stretch stress itself promotes cell proliferation in PAH. Further studies are needed to investigate in detail the effects of stretching frequency, and those of long-time stimulation, on cell proliferation. These effects will also need to be compared with pressure-induced cell stretching effects. Our device can connect to a pressure-driven flow controller that generates pulsating blood flow, and might help elucidate the mechanisms underlying the effects observed in PAH.
